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P H Y S I C S

Characterizing many-body dynamics with projected 
ensembles on a superconducting quantum processor
Zhiguang Yan1*†, Zi-Yong Ge1*†, Rui Li1, Yu-Ran Zhang2, Franco Nori1,3, Yasunobu Nakamura1,4

Quantum simulators allow the experimental exploration of nonequilibrium quantum many-body dynamics, which 
have traditionally been characterized through expectation values or entanglement measures, based on density matri-
ces of the system. Recently, a more general framework for studying quantum many-body systems based on projected 
ensembles has been introduced, revealing quantum phenomena, such as deep thermalization in chaotic systems. 
Here, we experimentally investigate a chaotic quantum many-body system using projected ensembles on a three-
dimensional–integrated frequency-tunable superconducting processor, enabling both high-fidelity control and scal-
able architecture. Our results provide direct evidence of deep thermalization by observing a Haar-distributed 
projected ensemble for the steady states within a charge-conserved sector. Moreover, by introducing an ensemble-
averaged entropy as a metric, we establish a benchmark for many-body information leakage from the system to its 
environment. Our work paves the way for studying quantum many-body dynamics using projected ensembles, and 
the scalability of our benchmark method represents a notable advance toward quantum computation and simulation.

INTRODUCTION
Understanding the nonequilibrium dynamics of closed quantum 
many-body systems (1) remains a central challenge in modern quan-
tum physics. Recent advances in quantum simulations (2–4) have 
provided powerful experimental platforms to explore this problem 
in depth. It has been shown that isolated chaotic systems, initialized 
in typical pure states, can evolve toward thermal equilibrium, where 
the reduced density matrix of a local subsystem resembles a Gibbs 
ensemble (5–11). This process, known as quantum thermalization, is 
well described by the Eigenstate Thermalization Hypothesis (7). 
However, reduced density matrices capture only limited informa-
tion, notably lacking access to higher-order moments of the quan-
tum ensemble. To address this limitation, the concept of projected 
ensembles has recently been introduced (12–15), providing a more 
complete characterization of quantum thermalization. A projected 
ensemble is constructed by performing projective measurements on 
the complementary subsystem in a fixed local basis, yielding a col-
lection of postmeasurement wave functions on the subsystem of in-
terest. Thus, projected ensembles retain full information about the 
many-body wave function and can uncover universal properties be-
yond what is accessible only through reduced density matrices. In 
particular, in certain chaotic systems, projected ensembles can ex-
hibit the emergence of quantum state designs (16, 17) after long-time 
evolution, a phenomenon known as deep thermalization (12–14), 
which is a stronger form of quantum thermalization. Despite its the-
oretical importance, direct experimental observation of deep ther-
malization has remained elusive.

In quantum simulations, another fundamental concern is evaluat-
ing how well a quantum system remains isolated from its environment, 
which requires quantifying its information leakage. Conventionally, 
the single-qubit energy relaxation time T1 and dephasing time T∗

2
 are 

used to characterize the coupling strength to the environment. How-
ever, T1 and T∗

2
 are insufficient to accurately capture information 

leakage in many-body regimes. For example, it has been shown that 
dephasing can be suppressed when all qubits in a superconducting 
circuit are tuned to resonance (18). A general approach to quantify 
quantum information leakage is through entropy measures, which 
are extremely challenging to access in quantum many-body systems 
(19–22). This highlights the need for scalable methods to benchmark 
many-body information leakage in quantum simulators. While mea-
suring the full projected ensemble still remains experimentally diffi-
cult, to study a subset of high-probability states within the projected 
ensemble is accessible for experiments. This reduced ensemble still 
encodes substantial global information about the underlying quan-
tum many-body wave function. These considerations naturally lead 
to an intriguing question: Can projected ensembles offer a practical 
and scalable approach to benchmarking many-body information 
leakage in quantum simulators?

In this work, by using a three-dimensional (3D)–integrated 
frequency-tunable superconducting quantum processor with high-
fidelity control and scalable architecture, we experimentally investigate 
the dynamics of a quantum many-body system from the perspective of 
projected ensembles. The effective Hamiltonian of the system is de-
scribed by a 2D spin-1

2
 XY model, exhibiting spin U(1) symmetry. Fo-

cusing on a subsystem of two nearest-neighbor qubits, we explore deep 
thermalization starting from a half-filling product state. After a long-
time evolution, the projected ensemble within the spin-conserved sec-
tor exhibits a Haar-random distribution, providing direct experimental 
evidence of deep thermalization. Furthermore, by using ensemble-
averaged entropies of projected ensembles, we benchmark many-body 
information leakage, which can hardly be captured by single-qubit de-
coherence measurements. Our results highlight the power of projected 
ensembles in characterizing quantum many-body dynamics, offering 
insights beyond conventional observables based on density matrices.

RESULTS
Projected ensembles and experimental setup
We begin by briefly reviewing the concept of projected ensembles. 
We partition a quantum many-body system into two parts: a local 
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subsystem A and its complement B. For a quantum state ∣Ψ⟩ , the wave 
function can be expressed as: ∣Ψ⟩ = ∑

zB

�
p
�
z
B

�
∣Ψ

A

�
z
B

�
⟩⊗ ∣z

B
⟩ , 

where ∣z
B
⟩ is a measurement basis for B (represented as a bit-string 

in our experiment), p(zB) is the probability of measuring the bit-
string zB, and ∣Ψ

A

�
z
B

�
⟩ is the resulting state of A when B collapses 

to ∣z
B
⟩ (Fig. 1A). The projected ensemble of subsystem A with re-

spect to ∣Ψ⟩ is then defined as

Here, Ψ,A captures all information about the quantum many-
body state ∣Ψ⟩ , superior to the reduced density matrix of A. In an 
infinite-temperature system without conserved charges, deep thermal-
ization manifests as the emergence of a quantum state design (12–15), 
where a state k-design is an ensemble that reproduces the statistical 
properties of Haar-random states up to the kth moment. Accordingly, 
Ψ,A converges toward the Haar ensemble at long times (Fig. 1B).

Frequency-tunable superconducting qubits offer excellent control-
lability and have been widely used in quantum computation and simu-
lation. However, conventional implementations rely on planar wiring, 
where the edge length scales unfavorably with increasing qubit num-
ber, limiting 2D scalability. Several efforts have been made to over-
come the limitations of 2D scalability (23–27). However, achieving 
large-scale integration of frequency-tunable superconducting qubits 
remains challenging. Here, we implement a 3D-integrated architecture 
for frequency-tunable superconducting qubits, featuring a scalable 

packaging that uses pogo pins to ensure reliable electrical connectivity, 
achieving both high-fidelity control and scalable design (see Materials 
and Methods).

Our quantum processor consists of 16 concentric, frequency-
tunable transmon qubits (28–30) arranged in a 4 × 4 square lattice 
(Fig. 2A). The qubits and readout circuits are patterned on the top-
side of the chip, while the contact pads for the control and readout 
ports are located on the backside. Each port is connected to a coaxial 
cable via a pogo pin that uses an internal spring to create a reliable 
electrical connection, enabling vertical wiring in a scalable manner. 
In addition, numerous superconductor-metalized through-silicon 
vias (TSVs) are placed across the chip. These TSVs have several cru-
cial functions (see the Supplementary Materials for more details): 
connecting the ground planes on the topside and backside of the 
chip, localizing control and readout signals for cross-talk suppres-
sion, suppressing substrate modes, and functioning as transmission 
lines for the readout. The median energy-relaxation time T1 of these 
qubits is 43 s, and the average readout fidelities are about 99.6 and 
97.5% for states ∣0⟩ and ∣1⟩ , respectively.

In the experiment, all qubits are tuned in resonance with each 
other during the time evolution. Thus, the effective Hamiltonian of 
this system can be described by a 2D spin-1

2
 XY model (31–33), which 

is expressed as ( ℏ = 1)

where σ̂α (for α ∈ {x, y, z} ) are the Pauli matrices, and the nearest-
neighbor coupling Jij is about 2π × 4 MHz (Fig. 2B). In the Supple-
mentary Materials, the detailed parameters of the device are presented. 
The Hamiltonian Ĥ is a typical chaotic system with spin U(1) sym-
metry (22, 34, 35), i.e., the total spin 

∑
jσ̂

z

j
 is conserved.

Observation of deep thermalization
Here, we use projected ensembles to study deep thermalization. 
We select a half-filling state ∣Ψ0 ⟩ =∣0101...01⟩ as the initial state. In 
this configuration, ⟨Ψ0 ∣ Ĥ ∣Ψ0 ⟩ = 0 , corresponding to an infinite-
temperature system. In addition, we select two bulk qubits, Q5 and 
Q6, as the subsystem A, while other qubits serve as subsystem B 
(Fig. 2B). In our experiment, we first prepare the initial state using 
single-qubit rotation gates on the target qubits and then bring all 
qubits into resonance. After a time t, the system evolves to the state 
∣Ψ(t)⟩ = e−i

�Ht∕ℏ ∣Ψ0 ⟩ . We lastly measure the relevant observables 
using joint single-shot readouts (Fig. 2C).

First, the ergodicity of the system is examined by monitoring a local 
observable, the density of qubit excitations nj ≔ ⟨Ψ(t) ∣ σ̂+

j
σ̂
−

j
∣Ψ(t)⟩ . 

As the system evolves, the distribution of nj becomes homogeneous 
(Fig. 3A), which is a signature of conventional quantum thermaliza-
tion. [Further details on the dynamics of nj can be found in the Sup-
plementary Materials (fig. S18).] Furthermore, we analyze the statistics 
of the bit string probability, p(z) =∣ ⟨z ∣Ψ(t)⟩ ∣2 , where z is the out-
come of the measurement bit-string of the entire system. To mitigate 
the decoherence effect, we only consider the half-filling sector by 
postselection. In Fig. 3B, we show the distributions of p(z) at differ-
ent evolution times. The results indicate that, for large t (but short 
compared with the coherence time), p(z) follows the Porter-Thomas 
distribution P

(
p
)
= e−p (34, 36–38), where  = 12,870 is the 

dimension of the Hilbert space. We also consider the statistics of 
the measured conditional probability of subsystem A (12), written 
as p

(
zA ∣ zB

)
 . The experimental results show that p

(
zA=10 ∣ zB

)
 

Ψ,A ≔
�
p
�
z
B

�
, ∣Ψ

A

�
z
B

�
⟩
�

(1)

�H =
∑

< i,j>

Jij

(
�σ
+

i
�σ
−

j
+h. c.

)
(2)

Time

B

...

...

...

A    (z  )A   B |z  B 

Fig. 1. Projected ensembles. (A) Schematic diagram of a projected ensemble. Red 
and blue spins represent subsystems A and B, respectively. Each projected result zB 
corresponds to a measurement outcome ΨA(zB). (B) Sketch of deep thermalization. 
The system starts from a pure state, where the projected ensemble distributes on a 
local region of the Hilbert space. After a long-time evolution, the states of the pro-
jected ensemble distributes as a Haar ensemble, uniformly over the Hilbert space.
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exhibits a uniform distribution for a large t (Fig. 3C), where the de-
viation near the edges originates from decoherence (12). These re-
sults indicate that the steady state is well described by a random state, 
indicating the ergodicity of the system.

To study deep thermalization, we also need to consider projected 
ensembles. The projected ensemble of ∣Ψ(t)⟩ is measured using 
joint measurements with single-shot readout (Fig. 2C). For subsys-
tem B, the measurement is performed on the z-basis with out-
comes zB. For the two-qubit subsystem A (Q5 and Q6), we perform 
quantum state tomography by applying appropriate rotation gates 
to adjust the measurement basis before readout (Materials and 
Methods). Because of the conservation of total spin, the projected 
state ∣ΨA

�
zB
�
⟩ is the eigenstate of 

(
σ̂
z

5
+σ̂

z

6

)
 , which prevents the pro-

jected ensemble Ψ(t),A from forming a Haar distribution. However, 
we can focus on the half-filling sector of the projected ensembles

where n(zB) denotes the total excitations in zB. In this scenario, 
the output state of subsystem A is given by ∣Ψ

A

�
t, z

B

�
⟩ = α

�
t, z

B

�
  

∣01⟩ + β
�
t, z

B

�
∣10⟩ . Thus, if hf

Ψ,A
 approaches a Haar ensemble, it 

indicates that deep thermalization has occurred in this U(1)-symmetric 
system (15).

Owing to the system’s coupling with the environment, the output 
states ∣ΨA

�
t, zB

�
⟩ are often mixed and may have nonzero compo-

nents in the ∣00⟩ and ∣11⟩ bases. Therefore, we use the density matri-
ces ρ̂A

(
t, zB

)
 obtained by state tomography instead of ∣ΨA

�
t, zB

�
⟩ . 

To further mitigate the impact of noise, we perform postselection by 
projecting ρ̂A

(
t, zB

)
 onto the subspace spanned by ∣01⟩ and ∣10⟩ as

where Π̂ =∣01⟩ ⟨01 ∣ + ∣10⟩ ⟨10 ∣ . The distributions of ρ̃A
(
t, zB

)
 on 

the Bloch sphere are shown in Fig. 4A. At early times, ρ̃A
(
t, zB

)
 is pri-

marily concentrated in a localized region. As the system evolves, 
ρ̃A

(
t, zB

)
 gradually delocalizes, and then becomes nearly uniform 

over the Bloch sphere. [The distributions of purity for each state 
ρ̃A

(
zB
)
 can be found in the Supplementary Materials (fig.  S19).] 

This provides strong evidence that hf

Ψ(t),A
 approximates a Haar en-

semble after a sufficiently long time evolution, giving more infor-
mation beyond the fact that the long-time state of subsystem A is a 
completely mixed state.

We also introduce the kth-moment density matrix (12–14) of  

hf

Ψ(t),A
 as

where ρ̃(1)
A

 is the density matrix of subsystem A. Generally, two en-
sembles are considered equivalent if their kth-moment density matri-
ces are identical for any k. In Fig. 4B, we present the density matrices 
ρ̃
(2)

A
 and ρ̃(3)

A
 at t = 306 ns, which approximate the corresponding kth-

moment density matrices of the Haar ensemble. In the Supplementary 
Materials (fig. S20), we also present the corresponding experimental 
results of the kth-moment density matrices without postselection.

To quantitatively evaluate the distance between hf

Ψ(t),A
 and the 

Haar ensemble, we define the trace distance between the kth-moment 
density matrix of hf

Ψ(t),A
 and that of the Haar ensemble


hf

Ψ(t),A
≔

�
p
�
zB ∣n(zB)=7

�
, ∣ΨA

�
t, zB

�
⟩
�

(3)

ρ̃A
(
t, zB

)
=

Π̂ρ̂A
(
t, zB

)
Π̂

Tr

[
Π̂ρ̂A

(
t, zB

)
Π̂
] (4)

ρ̃
(k)
A
(t) =

∑

zB

p
(
zB
)[
ρ̃A

(
zB
)]⊗k

(5)
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Fig. 2. Experimental setup. (A) Optical images with false color of the front and back sides of the 16-qubit superconducting chip. Control circuits, located on the back 
surface of the chip, are interconnected through pogo pins (blue and gray pins) to facilitate vertical wiring. Qubits and couplers are patterned on the front surface of the 
chip. The bottom false-colored image covers a single unit cell on the front side. Each unit (pink dashed box) involves four qubits, with each qubit being coupled to a λ/4 
readout resonator (light blue). These four readout resonators are then coupled to the bandpass filter (purple). Neighboring two qubits are coupled capacitively via a 
coupler bus (red). The black holes are superconducting TSVs. The TSV located at the center of each unit is connected to a readout port backside and is coupled capaci-
tively to the λ/4 band-pass filter at the front. (B) Effective lattice model of the experimental system. There are 16 qubits arranged in a 4 × 4 square lattice with nearest-
neighbor spin-exchange interaction. The subsystem A contains two qubits: Q5 and Q6. (C) Experimental procedure. The initial state is prepared with X gates on the target 
qubits. Then, all qubits are tuned into resonance, and the system evolves under the Hamiltonian Ĥ . After a time t, we perform a joint single-shot readout on all qubits. The 
dashed boxes R are the identity, X/2, or Y/2 gate, to realize state tomography.
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where ‖ ⋅‖ is the trace norm. As shown in Fig. 4C, Δ(k) (k = 1, 2, 3, 4) 
approaches a small value after a long time t ≳ 100 ns, providing direct 
experimental evidence of deep thermalization. Note that Δ(k) does 
not vanish completely due to finite-size effects and intrinsic noise [see 
numerical results in the Supplementary Materials (fig. S21)], and the 
dip at around 110 ns results from the competition between the ther-
malization and decoherence.

We now turn to the impact of noise on deep thermalization. The 
inherent coupling between the system and its environment can de-
grade the purity of quantum states, thereby altering the distribution 
of projected ensembles. To quantify this effect, we introduce the en-
tropy of the kth-moment density matrix, defined as

If the entire system is in a pure state, we have S(k)
A

≤ ln (k+1) , 
with equality holding for a Haar ensemble. As shown in Fig. 4D, 
when k > 1, the value of S(k)

A
 goes beyond ln(k + 1) after a certain 

evolution time ( t ≳ 100 ns), indicating that the state of the entire 
system becomes mixed. Thus, coupling with the environment pre-
vents the projected ensemble from fully approaching a Haar ensem-
ble. Nevertheless, Fig. 4D also demonstrates that the higher-order 
moments of the projected ensemble are highly sensitive to purity, 
suggesting their potential utility in detecting information leakage 
for the system to its environment.

Benchmarking many-body information leakage
Understanding environment-induced quantum purity decay and re-
laxation is essential for the development of quantum computation 

Δ(k)
≔

1

2

‖‖‖ρ̃
(k)

A
−ρ̂

(k)

Haar

‖‖‖ (6)

S
(k)

A
≔ Tr

[
ρ̃
(k)

A
lnρ̃

(k)

A

]
(7)
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Fig. 3. Experimental signatures of ergodicity. (A) Distributions of the qubit exci-
tations nj for evolution times t = 2, 50, and 306 ns. (B) Statistics of the bit-string 
probability p(z) for the different evolution times. The blue dashed line denotes 
an exponential fitting P(p) = e−p , representing the Porter-Thomas distribution. 
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 for different evolution 
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and quantum simulation (39). However, conventional purity measures 
are difficult to apply in large-scale quantum simulators. Therefore, it is 
crucial to develop scalable approaches for quantifying many-body in-
formation leakage. We have shown that projected ensembles can cap-
ture purity of quantum many-body wave functions, making them a 
promising tool for assessing many-body information leakage.

We now use projected ensembles to benchmark many-body in-
formation leakage. For a projected ensemble Ψ,A , the information 
leakage makes a state ρ̂A

(
zB
)
 become mixed. Intuitively, as entropy 

of the entire system increases, the purity of states in Ψ,A decreases. To 
quantify this, we introduce an ensemble-averaged entropy, defined as

A larger EA indicates a lower purity of the system and a larger 
information leakage to the environment. In the Supplementary Ma-
terials, we demonstrate that EA is generally proportional to the en-
tropy of the entire system for small information leakage. In this case, 
EA can be approximated by a linear function (Materials and Methods)

where E0 represents the steady-state value of EA , and τMB serves as a 
decoherence time of the quantum many-body system, characteriz-
ing the speed of information leakage.

We first consider a 3 × 3 qubit system, and the central qubit (Q6) 
is chosen as subsystem A (inset of Fig. 5A). The initial state is pre-
pared as ∣ψ1⟩=⊗j=even∣X+⟩⊗j=odd ∣Y+⟩ , where ∣X+⟩ and ∣Y+⟩ are the 
eigenstates of ̂σx and ̂σy , respectively, with eigenvalue +1. In this sys-
tem, T1 is much longer than both T∗

2
 and the evolution time, indicat-

ing that the effect of T1 can be neglected. The sources for dephasing 
can generally be categorized into two types: white noise and 1/f 
noise (40). To study their effects, we perform numerical simulations 
of EA under white and 1/f noise, respectively, using the measured T∗

2
 

values at the operation point. The experimental and numerical re-
sults for EA are compared in Fig. 5A. By fitting the experimental 
results with Eq. 9 (E0 = ln 2), we extract a lifetime of τMB = 0.94 ± 
0.02 μs (the observed offset may result from this initial state’s sen-
sitivity to dephasing noise during the Z-pulse tuning from the idle 
to the operation point), while the numerical predictions yield life-
times of 0.353 ± 0.004 μs and 4.53 ± 0.04 μs for white noise and 1/f 
noise, respectively. Now, we consider the average single-qubit de-
phasing time (Materials and Methods), which can be defined as 
T
∗

2
= N ∕

�∑N

j=1
1∕T∗

2,j

�
 , where T∗

2,j
 is the dephasing time of Qj. For 

this nine-qubit system, we obtain T∗

2
≈ 1.09 μs, which is larger than 

the measured many-body decoherence time τMB.
Our numerical results indicate that 1/f noise leads to less informa-

tion leakage compared to white noise, suggesting that quantum many-
body systems are less sensitive to 1/f noise. This can be understood as 
follows: 1/f noise is the dominant source of dephasing in supercon-
ducting qubits (30, 41, 42). When all qubits are tuned to be resonant, 
their rapid coherent dynamics effectively averages out the low-
frequency fluctuations of 1/f noise, thereby suppressing decoherence—
a mechanism reminiscent of motional narrowing in nuclear magnetic 
resonance systems. However, in multiqubit superconducting circuits, 
additional nonnegligible noise sources may exist, such as leakage to 
higher excited states or coupling to spurious two-level systems. As a 
result, the experimentally observed lifetime falls between the lifetimes 

predicted for white noise and 1/f noise, reflecting the combined influ-
ence of various noise channels.

We further extend our analysis to a 16-qubit system with spin-
conserving, half-filling initial states (Fig. 5B). The experimentally 
observed EA again shows a linear increase at early times and lies 
between the numerical predictions for white and 1/f noise. These 
findings are consistent with those in the spin-nonconserving case 
(Fig. 5A).

EA = −
∑

zB

p
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)
lnTrρ̂

2
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Fig. 5. Benchmark of many-body information leakage. (A) Dynamics of the av-
eraged entropy EA of the projected ensembles for a 9-qubit system. The inset 
shows the system and the initial state. The red and blue qubits are subsystems A 
and B, respectively, and X (Y) corresponds to the initial states being the eigenstate 
of σ̂x ( ̂σy ) with the positive eigenvalue. (B) Dynamics of the averaged entropy EA 
with spin-conserved initial states for a 16-qubit system. We consider all charge-
conserved sectors of projected ensembles. The system structures and the initial 
states are also shown in the insets. The solid curves are linear fits. The dashed 
curves are numerical results with white and 1/f noise, respectively, performed us-
ing the QuTiP package (53).
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DISCUSSION
In summary, we have experimentally explored deep thermalization 
and benchmarked many-body information leakage using projected 
ensembles on a 3D-integrated frequency-tunable superconducting 
quantum processor. Our results provide a direct experimental ob-
servation for the existence of deep thermalization. Moreover, we 
demonstrate that ensemble-averaged entropies can effectively quan-
tify the extent of information leakage from a quantum many-body 
system to its environment. Our benchmark results reveal that single-
qubit dephasing models are insufficient to fully capture the nature of 
information leakage in quantum many-body systems, due to the 
varying sensitivities to different types of noise. Therefore, using EA 
as a benchmark for many-body information leakage is crucial for 
evaluating the performance of noisy quantum simulators.

Our findings demonstrate that projected ensembles offer a power-
ful approach for probing quantum many-body dynamics, providing 
complementary insights that go beyond those accessible through con-
ventional density-matrix-based observables. Moreover, our bench-
mark method holds potential for advancing quantum computation 
and simulation. The scaling limitation can be mitigated by partition-
ing the system into multiple medium-sized blocks and detecting the 
information leakage within each block individually. This strategy can 
still offer insights beyond what single-qubit analyses can provide, en-
abling a more comprehensive characterization of noise-induced ef-
fects in large quantum systems.

Because projected ensembles can capture global information of 
quantum many-body wave functions, they may find broader applica-
tions in deepening our understanding of other areas of quantum 
many-body physics, including topological phases (43, 44), and en-
tanglement phases (45). Another promising application of projected 
ensembles in the context of open quantum systems (39) lies in char-
acterizing information flow and non-Markovianity (46). Conven-
tional measures of these phenomena, such as entanglement or trace 
distance (47–49), are difficult to scale to many-body regimes. In con-
trast, projected ensembles provide a practical alternative, making it a 
valuable tool for probing the non-Markovian dynamics and informa-
tion backflow in open quantum many-body systems.

MATERIALS AND METHODS
Experimental setup
Our experiment is performed in a dilution refrigerator with a base 
temperature about 10 mK at the mixing-chamber stage. We use a 
scalable 3D-integrated superconducting quantum processor, which 
contains 16 qubits arranged in a 4 × 4 array (Fig. 2A). We implement 
a floating frequency-tunable transmon qubit with concentric and 
gradiometric geometry, optimized through the surface-participation-
ratio analysis (50). The loop size of the concentric qubit is approxi-
mately 3 × 105 μm2.

Each qubit enables full controls (XY and Z), and the control signals 
access the qubits via spring contacts, featuring vertical wiring. In ad-
dition, we achieve the X–cross-talk below 1 × 10−3 and Z–cross-talk 
below 5 × 10−3 between any control port i and qubit Qj ( i ≠ j ). With 
the gradiometric geometry and optimized widths of the electrodes, 
the qubit 1/f flux noise is about 4.9 μΦ0∕

√
Hz at 1 Hz.

For readout, a band-pass filter (51) is used to indirectly couple 
the readout resonators to the transmission line, achieving an average 
qubit-resonator coupling strength of approximately 2π × 150 MHz, 
while maintaining the Purcell limit for the qubit relaxation times 

longer than 1 ms. This allows us to achieve a high signal-to-noise 
ratio (SNR) for the readout, and the average simultaneous readout 
assignment fidelities are about 99.6% and 97.5% for the states ∣0⟩ 
and ∣1⟩ , respectively.

The anharmonicity of the qubits ranges from −248 to −218 MHz, 
which is more than 40 times larger than the coupling strength be-
tween the neighboring qubits. Thus, our system is in the hard-core 
limit, which can be described by a 2D spin-1

2
 XY model in Eq. 2. More 

details about our experimental setup are provided in the Supplemen-
tary Materials.

Measuring projected ensembles
To measure projected ensembles, joint measurements with single-
shot readout of all qubits are required. Before readout, the mea-
surement basis for subsystem A is adjusted by applying rotation 
gates R on the target qubits to perform quantum state tomography 
(Fig. 2C). For a two-qubit subsystem A, quantum state tomography 
involves nine measurement bases: {XX, XY, XZ, YX, YY, YZ, ZX, 
ZY, ZZ}. For each basis vA, we collect M(vA) single-shot outcomes, 
represented as bit strings of 16 qubits, with the count of each bit 
string z denoted as mz. Our system achieves high readout fidelities 
and low readout cross-talks. To further mitigate readout errors, we 
optimize the measurement results using an approximate readout 
transition matrix (52)

where N is the number of qubits, and Fj

00(11)
 represents the readout 

fidelity of state ∣0⟩(∣1⟩ ) for Qj. Using this matrix, the optimized 
count of measurements for a given bit string z is calculated as

Then, we determine the optimized number of measurements for 
each bit string zB under a given basis vA, labeled as m̃zB

(
vA
)
 . Only bit 

strings zB satisfying m̃zB

(
vA
)
≥ 80 for all bases vA are considered. 

From the single-shot results, we estimate the corresponding density 
matrix ρ̂A

(
zB
)
 . The probability of measuring zB is then calculated as

This procedure allows for the reconstruction of the projected 
ensemble.

For the 9-qubit experiment, the number of readouts per basis, 
M(vA), is approximately 8 × 104. For the 16-qubit experiments (with 
charge-conserved initial states), M(vA) varies with the evolution time, 
increasing as the evolution progresses, where M(vA) ranges from 
2 × 105 to 5 × 105.

Benchmarking many-body information leakage
In superconducting circuits, dephasing can be modeled by a time-
dependent Hamiltonian

� = ⊗
N
j=1

[
F
j

00
1−F

j

11

1−F
j

00
F
j

11

]

(10)

m̃z =
∑

z�

�z,z�mz� (11)

p
(
zB
)
=

∑

vA

m̃zB

(
vA
)

∑

vA

M
(
vA
) (12)

Ĥ(t) = Ĥ +
1

2

∑

j

ξj(t)σ̂
z

j (13)
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where ξj(t) represents Gaussian fluctuations, and Sj(ω) denotes the 
noise spectral density. For white and 1/f noise, the spectral densities 
satisfy Sj(ω) =Wj and Sj(ω) = Aj ∕ ∣ω ∣ , respectively. In the numeri-
cal simulations, we first extract the noise intensities Wj and Aj from 
the experimentally measured T∗

2
 values at the operating point (see 

fig. S5). In the experiment, each measurement cycle takes approxi-
mately 600 s, and the total time required to measure a projected 
ensemble is 103 to 104 s. Thus, for the 1/f noise, the low- and high-
frequency cutoffs are set to 1 mHz and 100 kHz, respectively. For 
the white noise, a high-frequency cutoff of 1 GHz is used. We then 
compute EA by solving the Schrödinger equation governed by the 
Hamiltonian in  Eq.  13. All simulations are performed using the 
QuTiP package (53).

We also discuss how to obtain the average single-qubit dephasing 
time. We need to first obtain the average coupling strength with the 
environment, defined as

where T∗
2,j

 is the dephasing time of Qj. Thus, the average dephasing 
time is given by T∗

2
= 1∕γ.

Supplementary Materials
The PDF file includes:
Supplementary Text S1 to S7
Table S1
Figs. S1 to S21
Legend for movie S1
Legend for file S1
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